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Abstract

III Cktot)cr 1993, the  Nat ional  Acmlla~ltit s all,] };] ,{ ~
Adlniliistlatiox, ( N A S A )  illitiatccl a ])IOPII .ITII (if ‘P, ( I
ndogy (ho]) cratio]l AgrccIncILts  (’J’CA ) ;iil,,~~i :. I

tralisfcrrillg so]nc o f  t h e  tmch]lologics  dcvtl(ll,i ( :i I
N A S A  cclltcls to industrial palt,ncrs. ‘J’}1[ Jrt ])1 ,,,,1) I

sion  I,almratory ( J ]  ’ ] , )  devclo~)ed  a ‘I’(’A wjt }1 (II{

Robotics Research Corporation (RRC  j t o t III .I!t
some of its rolmt,  ics technology int qlili(+ IIt.v, Ill,, { ,’(
c.onllncrcial  l)] oduc!s [7].

IU{C is the lcadill~,  manufactulcr of (If x! (i (11:) 111<

nil)ulat,ors wld  has rccmtly mlhancxxl  its ~)lt,~.ill{ I ~il,(
h y  intro ducit,g  a ltcw ~(la]ii~)ulat,o]  wit],  i)II],J(JJI(l  III

chanical desi~,]l allfl  wi th  servo  contl ollc I (: Ic(I,I (I ii .
mnbcddd illt.o tllc iirlll  [ 5 ] .  IIt p a r t i c u l a r ,  (Iii’  ]Ic ~“
desi~,n r e m o v e s  a l l  joint,  smm l o o p s  fl OIIi t 11+. :y:
tenl Cc)tl)])lltcr, t,llus f r e e i n g  conll)utillg lfw)!il( i- 1,1

C~II f,c 11 S(’{] L(I sll}I]I{)I~ iiJl opc71  coIJtrol arcllitecturw

;illd  i. :~raphicf~l  o~)(,l  aiol iljt cl facc. J]’], has a loxLg

Llack ](co]d of ItL(l ) ill tile arms o f  dcxtlerous nla-
]Ii],ul.+tt)r  coIIt,Jol a)Id o~)cIatoI intelfitces. S i n c e  1986,
rcs(:+, CII(:IS it J ] ’ 1  }l:,v~ dei,clo~,ecl  a X1OVCI  c o n t r o l

SC}](,]l!C fol dextc) OIIS ltia[li~)ulators,  called CollfLgura-
tioli  C<ll,trol  [12-15] ,  and this ~Jlcthod  has been used

f(,l l{li(~  arln c o n t r o l .  Purther-ill IIliillj’  liil)OIiit(lll(  S

nl(,lt {1 al)llical ol)~r;!t  or ilit rlfaccs have l~ccn all a r m
O f  il(’l,  i~( 1( ’S(::ll (11 ill J]’], fo] a  decade [ 4 ] .  I:L par-
tic[ll: 1. ~,]ii~)lli{til  illt(] f a ce s  lItIVe  I)c[!II  dcvelo,l)cd  f o r
co]i)l)l:i])d  c]ltIy al)<] (~iit[i dis}]lay  [9], tin)r delay com-
])(!IIS:iti(,H  [1], aII(l ili[’,h-fidelity calibr atioll [G].

‘J)}, is l,a~,cr I,rcs{l,ts tllc 1 csu]ts of the 2’CA t a s k

l)ctwl:(]!  J ] ’ ] ,  a],(l lil[(: W}]CIC a l’C-t,ascd systcm i s
dcvelo~~(d  wllic}! i] t t,i(l at es a controller for dexterous
IIlalli}}lllatolb  lvit}l a {,,lal]llical  sirnulatiorl of  the  arxn.
‘J’hc })cr forjl]al)c( (,f t]lis colltr’ollcr }Ias bcerl den~oll-
stl ilt~’(l ill s~v(’ral )lo+it.i(j~l and co~ltact  cxl)erirnexits,
~lld lll;tCll[$  thC II(I f(l) II I:LIIC(! of III OK! Pow(!rflll,  IllUILi-
~)roc(s<(,r,  \~M};  I,awd c(,lltrollcrs.

‘1’1,1 ])a~,er is 01 p,alii~ed a.< follows. lrl Sec t ion  2 ,
W( IJ:c(rlt tl(~ l!:L1{lIvA)c USC(I  for fllc system, followed
I,y t}e (Icsclil,:ior, of tl, c software arcl,itecturc in Sec-

t  i(~l) 3. It] Se(t io]l 4 .  we sullllllarizc tllc (:ontml  algo-
ritl!l!l. slid },rvserll tl,( II)iiili  fcatur’es of  the  gral)hical
int(l fa{ (:. 1’101s  of I,[)sitiorl  cmltrol ex~)erirncnts with a
lili( al Ilf ale ])lcs~lItfd ill Scctioli  6. Firlally, i~l ScC-
t ior! 7 we dI aw SOI 11( mtlclusio~ls  from t,llis work and
diwl s: tllc dil ecti(  IIIS of fut urc rcsmrch iLIld  dcvelo~)-
llicllt.

2 1 Iarclwar[!  l)cscription

]11 t], i: s(:ct, jor,, \\r( (](’. cI j},I’ t }Ic h~i”d WfLN! O f  t}le 1’~-

Ims(l systcul dcsi;’,l,t(l  t o  s~l})}mr! tlic ‘J’CA t a s k  l)e-
t u{,ctl .)1’], all(l l{,li(~. ‘J’lle coxn~)lct,c syste~]~ c o n s i s t s
of a 1 ~ol)ot ics I{CSC:L1  cli Cor l)oratinn’s model K1207
7-1)01”  m-1[1/colltl(ll  lll~it, a 48 G-tmscd  personal corll-
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Figure 1: ‘J’ILC P~-t)ased systc]~l

Fr
sensor

Flot>(,tics
h(wwrch ‘ “-\ .

(

I

I

Marllpulalc)t

“) ‘

~ Servo
.\ #&”  “  - Controller 1

1 #+ md ~

{’ - ~ /<’
Power
ElecUonlcs

,t’’”t,ficdc)l
# }’c,wer

“he ,a ‘“ ~
i

.“, Ilo ! graphical
, processor 1

I,C: contlolk.r

i:~l)le 2: Scll{ll;ilic lil~O\lt  of the l’~ c o n t r o l l e r .

}iccau:.c  of l(lt(~”s  larr,c illvcstrncnt ill l’1,/M s o f t w a r e
dcvtlo~,cd  f(,r its cllll<llt  }Jroduct  li~le, i t  w a s  decided
t o  adtll)t  tllc llllel ilt MX@~ ol)crat)iug s y s t e m ,  since
it sl][)])orts  l’1, /M ‘J’lic ilih4X @is a r e a l - t i m e  multi-
taskill~’, [!rlvi!o!l?i)ct!t,  V.’)IC1C wi!ldowsTM  aILd 1)OS can
cxc{ III{ as  i]idc},cll(l{’]it ta<ks. q’hc  ilLMX@)  Inemory

]l)i~ll~i~,(]llc]lt  lcq~lilts  tllr  C1’U i][ p~otcctd  m o d e  ~Lnd
t,}l(,lt, fol(! WiI1(  low: l’~ CaII oIIly ruIi  in stanhrd m o d e ,
wii }1 a ~cd IIred III CIJJ(JI  y sl)acc a]ld  limited dis~)lay ca-
l)iil)ilit  ifs. ‘J ‘hl)s  t ] c XI(WC1 fol a SC~k%IfLtC  gra~]]lical  prc)-
C(SSOI , si!lu hi[’,11  (]l]iLlity  d i s p l a y  rec]uiles Wixldows
o})clatillt, ill f.71. /I fI7Ic((l  II Iod(:.

‘1’ttis lillliti~tio~l, t  o~,,ethcr  w i t h  RI{C’s  ]) Ian t o

]c~v[ it ~ th(!il soft vi,!  c it) C;, collvillccd us to usc  only
fcu’ f{;,tures of il(hf X @ aIId develop a  sof tware  ar -

1  c 1)(: },orted to a diffclctltcllit(clllrc tll:it Ciill  (,;L’.; j

r(al.tilllc e~lvil(l]ll]j(rlt.. ‘J’llcrcforcj  w e  usc the  ~)ro-
gl;iltl]llill,l~  i~ltcl ~iil-coll]lt~)  of t,llC I’~ C M O S  InCIIl-
oly Chill  a.< t)!c  1{:11-til[lc  clod  o f  t h e  c o n t r o l  1001).
‘J’}[i$ 1 itlicl J)rodIl:  (~ a }]ar (I ware illt,crrul~t tha t  dots
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i~{.Mx@)ovcr]l  cad. AI I ill b3TrZL]  of ]25 ~fs is I:”II(J:I’I i I
eIIsu  Ic a p;ood st.:Ll~ilit.y  wit,hi~l the 2.5 ?IL.\  11[,:.il ih,ll < .) I
trol c y c l e  alId a lJrolllJ)t  acquisitirr]l of Ih!, }’J 11.t ,

“1’he control]cr s o f t w a r e  co],sists of t IIC f(l’ IV ill I
tasks:
(i) ‘1’}Ic ~r~ai?~ t a s k  }IaIIdlcs  housckcc],i])g f,llcti,] i
the mcssacc dis]mtclli]lg to the  other ta~l.s
(ii) ‘1’hc opcrafor iniujnm  t a s k  ha,,dlcs t),(  (ITIIIII.11 i
nlc IIus and disl)  lays  t h e  trajcctmy parall)(trl.. ‘.! III
t a s k  i s  d a t a  d]ivcn,  I)citlg  a,ct,ivatmd t,y ilir ),(,i I(I  ,

data g(,ncratwl  zLt t h e  CIId of a  trajcclo~~. ‘J’}1~ (I1 I
ator is lmsc]Ita!d with a s e r i e s  of n]c]l(ls,  ~)11( f(II ( i( I

. .
cont ro l  Inodc of the rol)ot: Jolrlt 01 CaI  t (%i;l~l JI[l>.i’ !()(

co)lt.rol,  force 0] coln~~liallce  co]lt,rol.  l“IIItl  ICI JIIti I ( , I III
o~)cratlor  call  CIIOOSC  to r e c o r d  }Josition,  0] ictl~l:lt i~III (,:

IV’ d a t a .

(iii) l’llc control t a s k  ~,crfm,ns t h e  traj(:rt<,*y  ;,<: ,.
ation and killc]nat,ic c(}lll})llt,at,iorls, a n d  i s  a( \ i\: 1 ( i
d i r e c t l y  I)y tlllc hardWiLrc ixltlcrrupt.  ‘J’hi t a~l: t i :( ~

al]l)roxilllatlcly 2 TrLs  to Coml)lctc,  fastcl t I I iill  t II( II I>.

imum  lilt.l? Of 400 }li a{ which the servo C{)llt 1 (jll~! (lf
tlllc XllaIli])UkLtO1’ call  iLCCC])t lIcW s e t - ] j o i ] l t x  ‘.I’11( 1 L<)l
l~crforllls  all ttlc xlcccss:Lry IIardwarc llilll(}<lliik(.  v II II
the servo controllers a]ld  dots a fi]ml chc(:k 011 III(  )) ,,.
tion aIicl v(:locity  set-l )oillt,s hcforc scndillr, tlil>lll lr, ~ l!,

. . . .
s e r v o  COllt,l’Oll(!I’s. SC IlsO1  acqulsltloxl 1s iilf.() a I Iii! (,!

the  co]ltrol task, since IT xllca.surcrnc~tts  II IUSt  II( : ,11
chronizccl  Witil tllc contr 01 algorithm. 1}1 (JJ 1 (If] ~~ I f ,
tllc ~)mitioh  a]ld  vclocit,y  of the arln, a n d  t}l( I“J .:,1

II(S, aI( sav(d i]llo  II ICI  IIOIy. At tllc cnd of the motion,

t}l~s(.  (I;:t.a iii< sto]({l  ill all AS(HI file for later dis~)lay.
‘J’111 intcl/L{ti(lrl  allio~lg tllc three  tasks is schcn~ati-

cxlly  ltl)rmvlltcd  ill l’igulc 3. q’hc tasks a r c  m u t u a l l y
Cx( IIlsivc, t!xc(,}]t ft}l thr F2’ a c q u i s i t i o n ,  which is al-
w;iys :It tivc,  l~i~,ur< 3 shmvs  a l s o  tllc timing o f  t}lc
CO I1l:O1 fun(til-jlls, ‘J’lic I C~L1-t  imc clock runs col~tirlu-
ousl\ :,t a 1 ?5 jis il,tf) val, a~ld irlcrclltmlts tllc counters
fol ~lt( 2.5 ?r[s COIII T(,1 al;~,o]illl]n  a]ld  the 100ms d a t a
]C<oldii)g.  Ill l:i~,ul( 3 , t ltc execution flow of the I)ro-
~,]al,, i< S] I(IV:II  I)y I I,c aTJov;s ]ilLking the various tasks
aII(l  r~)llct](,]tsi aIId I(}) 1(, scIIt III~, ca. usa I  rclatio~ls. ‘J’hc

COIll 1 o]l(:r Soft \Yil!(’  St 2rtS wi t  II thC  771ai?L ttxsk (d) ,  fOl-
louttl I,y tl]c  ol)(r:it(ll c(,]I,I,,aIld  cxjt]y  (b) a n d  hy t h e
Inrwa~,c  dis]mtcll ~[ j. A IIcw  Inot)ioll is thcII start,cd
i~l t}lc followilj~j  ;’[, ?i~s illtcrval (d) hy the control  t a s k
(c) ,  t]ii, t dC’(O(~CS  t,]I( (~)ll)l\lal]d  nlCSSa~C, COIlll)UtCS tllC
])~liill](ters  fol t}l~ t]iij~(tor~ i]ltcr~lolation,  a~ld s t a r t s

the  (lilt  ii N(()] di]l~,  (j). ‘.l’lIc  }7’1) acquisition (g) is al-
w;i)’s af’[iV(, ?Lltd  St iil 1 s  (VCI j’ !,WO  CO1lt,IO] CyCICS. q’hc

Icc(IIdi  TIg fullctic,rl  is sIJIcad  over several 2!.5 ms intcr-
vals  to avoi(i illtc]f(ril[~,  with t h e  t r a j e c t o r y  gcllcra-
ti(~]l, III tllc ff)ll(,~villp, 2.!) 711s  in terval  (h) ,  the  co7Ltrol
task ct~]rl~)lltc> tllc jc,illt sctl)oints  ( i ) ,  c o n t i n u e s  t h e
I’rJ’ ~.cf!~lisit.io]( (/).  iili(l  co]ltillucs  t h e  d a t a  r e c o r d i n g
(,, ). At t},c c,,c1 of 11,{ II,otio,l, tllc opmztor task  clis-
l)];,~s t }lC (:IJ] I(Ilt l! OSitioll”  of t h e  ~rl]l, and tile trajcc-

to~y data a]{: co~,ifci Lo d i sk .

‘J ‘I, c IPq’ scxlso[ })1 ,J(w++o]  acquires the eight strain-
~,allr,!:  ViilllC$;  irl il]l])l  OXilllat  (1Y 2  ?n.~, and trallsnlits
t}lr)ll t~, t h e  I’(; at :i Iate o f  250//s. ‘J’hc acquisi-
tir)l,/t~;~lls[Jlissit,l,  ~ y(lc t h u s  ]moviclcs  IICW F’~ d a t a
cv(Iy two cycl(-s of tll( co]lt]ol a lgor i thm.

‘J’l, c c o n t r o l  ta.~ ill]])lclllcrlts tllc Confrguratiorl
[~oIIi Ix,]  tL])I)Ioac}I f,,r IIlotiol]  control of dexterous nla-
IIi),lllat  o]s. ‘1’llr O]IQ]  at o] ilit.crfa.cc  il,cludcs a gral)hi-
cal sirll(llatioll of t] (, lilt(~ IIlallil)ulator, thus cnahlillg
ofi-lil!(  IIlotiorl  di<l~lay allci v(lificatjion. l’hcsc as~)ccts
al(,  dis~ Ilssc(i ill t]), ll(x(  t w o  scctioris.

4 Arm (;cl]drol System

Adviitl( d COIIIr  o] rf IIlarli])ulators  has always been an
aciiv(: al ca o f  I CS(:L1  (}1 at J]’],. 1~1 I)art,icular, J]’],
llil~ (lev(lo~)(d  a ( lass  of rl)otioll c o n t r o l  a l g o r i t h m s
fol ](,dllllda]lt IIiallil,lllatols Cfll]cd (k)nfiguratio~l CoII-
t~o] ((:(~)  [2, ]2.  I h], Jv]lcre tllc user  can sl)ccify task-
dcl)rtidtllt colmtlailits for tl~c motion that utilize the
rol)ot  ]({lllrida]lcy :itld allow  cflicicnt cnd-cfl’cctor tra-
,jcct (II y ( ()]]t ] ol. ‘J’liis i~])])roa(tl  w a s  irn~)lcrncntcd  origi-
Ilally  fol ILli(; ]Iliil]:]]l)lators  controlled hy VMI’;-l)a.~cd
IIlult i 1)] occsscj  Is [10], :i,id t}ic rcsulti*Lg  a l g o r i t h m s
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were cxtcllsivcly tested ill several tasks

4.1 Configuration Control
G1lfiguratioll  G,]lt,rol allows sl)ccifica~iol[  (f ~i ic~ I

tiollal t a s k s  f o r  redundancy  rcso]utioll.  III tlii: ilil  ,)1

lncmtatio]l,  we llavc  Clloscxl  t i l e  scvcntl] til<!i 1(, 1)( 1 }It

control of the alrn all~,lc for  CIIJOW })laccll){l)t,  ‘1 }1( T !,
. .

~anglc [J IS dcfl]lcd  as t}lc a n g l e  hctwec  IL tll(,  ~i~ III,  II !I,[

OEW  and tllc v e r t i c a l  ~)lallc OI)W ~)a.s’ill{;  1)1](  11[,11

the lillc O W ,  wlierc 0, Fj al)d W refer to 1 I)(, (,: ;:,~t . II

the  shoulder ,  clhmv  and wrist franlcs, rcs:l)f:~ I i\( 1! [t],
.as show]l  ill l“i~,urc 4 .

‘1’hf?  IllFLjOl  Clr!mcllts  of t h e  cc ZL~)]JIOil(l  <11,:  11 t

g e n e r a t i o n  of ttic crid-dfcctor slid arrlt a]t{’,lf  t l,]i~ 1 (~
ries, the cmn~)utatioll  of the  forward  ki!lcIlliit  if -. :111(1
au~;mcllt  cd Jacol)i:Lll, and the colll}mtatioll  (If t}l~ i,
verse Iiiltmnatics.

q’he  tra.jcctory gmlerator  lwoduccs s],, oot 1, I,JI I i It

uous cycloidal  furIctioxls  to make the trallsi(i(,]~  f 0111
the illitlial  vtLlu(:  to the final WLIU6  in tllc s])(( ifit  l; t 1[11,’

~’lIc co~ll})lltatic)xis o f  the forwarcl  kit,crl;t~ i( > I II(I

augyncntcd  Jacol) iall  of the 7-I)OF  ln~ni])llliitol  III ,Ii,l

Craig’s  ilitcr])lctlation o f  ]hmavit- Hal t(lll)(ll’, (1 )Ii )
parameters  fol frame assignment [3, 8]. ‘1’h l!} ],{ Ii{ ,i~
p rovides  direct Colnl)utation  of the manil,lll.  +t (,I Jil 4)
l)ian ill tllc wol]d  fralllc of tllc rol)ot. ~’11(. ( (,111])111 i i(~ll

of the inverse kincn]at. ics is im~)lcm ented Ijy a (l:; III ;I(4;

leas t -squares  II,et,hod  [16, 11, 14], wllicl,  t~,i(l(: lit, ~
joint,  veloci t ies  agzLil,st Ia,rgc task-sl]acc (I J (,]:. 1’!,  (

l(?Slllt. iL!lt,  collll~utatio~]  of the joint Velo( it i(,:. II;i< t !,(
followil~g forlll  [14]:

WIICI(,  I{’i al~(l 1471 ill( l]IC task -s}~acc error weights a]ld
j o i n t  V( ]OCit~  diilll],i]lg  WCi~,]ltS, ~; = ~d ‘-  ~ and ]{

k a  dia{r,ollal llJ;itli’\  u’it}i l)ositivc e]c!mr!nt.s. ~holcsky
d(:c{)l(ll,(,siti(,xl is I,,.,( I (0 f i n d  Ud. It can he scC!ll  that

as tllc ,Iacot)iall  lIct(lll]cs sill{ ;ular, the velocity weight
do]/lilli~tCs i~l tllc i] vcrw ]natlix term in (l), reducing
tlLc (oll]llia]!dcd joint v e l o c i t i e s .  ‘1’lle r e d u c e d  joint
vel{lciti~,s, ill tlull!, a( t t o Ictald the zull) from rcacllirlg
tll C Sltl[; (llal’ COIlt’l  $,11 Jiltioll.

lJIiI;IIg  tile tliij.’( tory  execut ion,  the  control  task
scll(i:  tile IIlca’{ulcd  j(lillt  iil]~,lcs to t}lc g r a p h i c a l  plo-
Ccssor . T]lis  cllsul(~  tlli~t  t h e  user vim’s t h e  a c t u a l
alll] ({]]lfi~,lllali(lll. ‘J”ll(’ co~ltl 01 task computes also tllc
joil,  t iili~;les fcj] t II( t Iajcct,oxy  silnulation,  I)y scndillg
t,hc jlirlt selr)oi~,ts  tfl t)le p,jal~hical  cngi~le o n l y .  g’he
iln~,l[ IIlcntatioll  {,f tll( silliulatioxl  n)odc ill the  cont ro l
ta$k  a.<~ulcs t]lat t lie silllulti{iou  will effectively clupli-
cat c :1]( lcal tl;~j(ci 0] y sillcc  tllc sumc code is exccutecl
in I)r, tt ca.ws.

4.2  Collt:l(”t  (:01111’01
‘1’11(  c~)]itact f-ol,t  ) 0 1  srllcxlies  ol)crate i n  t h e  user-
dcfi IIcd t o o ]  f] iilli(  vtlI(:I(:  t}IP  t a s k  i s  dcfixlcd  and ex-
ec~)tf.d ‘J’lIc dylliilllif lll(ldclill~ a~ld s tabi l i ty  analys is
of t IIJ, ]11 O])ow(l ])0:,;1 ioll-lm.scd  COXlt;LCt control SyStCIIR

arc stll(liccl  ill [13].

4.2.:1 C;olli~)li;lllc(  C;olltro]

A  IIifilli})ulatol  l)],d~II (;arksian ~)osit,ion corltro] ill
colit:Lc( wit}! a  ](a~ tif)~l sulfacc call ~)c adequately dc-
scliljcci  i~l Cii C’11  (~al l(siall dilcction o f  c o n t a c t  hy the
S(!COJ1(]OI(](’l  ° tJilll  Sf(J-fllJICtioll [Is]

]’(,,) C/:c
x,(,) ‘ i -1” (i-1 b

(2)

W’lt(l(’ ~:c i s  tllc sul  fii( C st, iflllcss, [a, fJ, c] are  t,llc nla-

IIIIIIIlal or (.(~nstallts, iill(l  t}lc  o r ig in  of  the frame-of-
]of[’]rll(c is t}l( }Ioillt  {If cO1lt,act l)ctwccn the end-
cficct{)] and l}Ie ](,artioli  sll]face with the x - a x i s  i n
tllc (ii] (ct,ioll  of t }1~ a})~)licd force.

‘J’h( lm-sir ( oll{(,l,t  of i hr coxnpliancc control system
is t o usc fol(  e f(tdl)ack in older tc) rmluce the forward
~;:,il) OI stifil,c:+s k~ :  $ ~’ if[ the  crlcl-cffcctor/reactio!l
su] fti{( int,cla(tio]l. ‘J’i!is v:ill the]l allow the reference
~)osi~ i(l, A’, to I)( l,s((I  as :i ct,nlmand input to  cont ro l
tt,c (olltact folc( f‘ P.< ttle o{ltl)ut. {Jxlder c o m p l i a n c e
COllt  !0]. t]l~ r(’f(’lf ’11((’ tIi LjCCtoIy k USC!d  diff(!I’(!Ilt]y  f O r

tll( tW(l CiltC~OIii  S of til SkS: as the des i red m o t i o n  tra-

je(l(,~}  ill ullcollstraillc(l  tasks, :LIId  a s  t h e  iliput cclnl-
malld to co],tl  o] tl)(, (O1lt act, force iIl constraitlcd  tasks.
‘J’l,i~ i: iIl u~ntra<(  to fo]cc control SCIICIIICS in which a



t h e  s e r i e s  Cx)llil)iliation  of the t w o  s~)rill~s J,j iIIIii  ;“ ;

rc])rcscnt.i:lg tlIc  stifl]t(:sscs of t}lc O1)CII-IO(I}J >:,s (1(1
a n d  th(: conl~)lial)cc  colltrollcr, rcs})ectiv(,ly.

4 . 2 . 2  ]“OIW  ~Ollt,l C)]

] n  colltr~st to  COIll})ljf  LllCC colitro] wllicl,  i, all i,,.?,, , f
force  cosltrol Sc}iclllc, fo, cc col,t,rol  is al, (rll,( ii :$11(  II

ill whiclt  tllc f o r c e  s(t~)oiIlt l’;. i s  us(, (] :IS tll(  (I III

lIIa.IId  illl)ut to  coIItIol  t,l~c  c o n t a c t ,  force  } ‘J’11{ f( ( ,
colltrolle] K(,s) ]Iow llscs the for-cc crlor il,f(~r II I;,! (),

c = 1“ - 1,;. to generate  the  necessary  collt  I 0 1  AC 1 i,1 s, )
that tltc Contact.  force 1)’ t r a c k s  t h e  folcr $Ctllt}it,l ) ,

~’llc force co~lt,]ollc] u s e d  i n  t h i s  sy>t<!rrl  i. l),
l)ro~,ort,ioll:L1 -l,llls-iIlt.egxal  (1’1) co~ltrollcl  :

/

t
Xf(f)  = /J;, C(t.) + ki t?(t)dt !) I

.0

where Lj, and )Li iLIC t,lle  COll St, ant ~)ro~)orlit,llal  ;jll~l 111
t cgral force fccdllack gains, rcs~)cctivclyl  iitt{d .X ~ )1 1 I,(
posit,io]l  ])cll,uil)ilt,joll  ]~xodllccd  l)y t,llc felt ( ((1111  1(1]1[
as showII  in Figure 5.

1’}Ic  co~ltaci f o r c e  t r a c k s  t h e  force sctl](,i)tt  t, t I
ratlcly  wit,ll zmo steady-stale error. Fu] i})( 1 JJJ()) ( i’1(
syst, cnl  ]s rol~llst  tO ~)~r;Ln)Ct,Cr Vilri{LtjO1lS  $,() (,jI;if t II{

S!Cady-S!iLtC setl)oiItt t r a c k i n g  and dist u] ~):itl{~,  ] r~{
tion Cll:ll:lctcrist, ics ar( l)roscrvcd,  l]rovidc(} t 11:.1  t [(
closed-loo~) systcxu  rcn!aills stal)lc.

L
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s e t  (  1)111101 ~ys( (,111  ,,i,]il]ll(t  (;]S, aIId dis})lay  t}lc nla~li~)-
111:11 (,1 ~(atl]s.

5. 1 (hllllllalld )Ilt!c!l”facc

~’}1( lSII fiIst SL’){CIS  tt(e  col,,!tlatld lnodc i)y e n t e r i n g
tll(, al)]! lo]lritlt(’ (Olllllla]ld. ‘J’lle followiIlg  clloiccs arc
aViiili  .111(,:
(?’)  .)( J?T, f ~;(J71fI(J1  Afod(: (k)IIII[lands ~LI’C issued to the
SCJ (II j(~i)lt aII~,lcs of IIIc: aI III,
(ii ) (~(I! ic,sio)~.  11’07 id (~07LfIol  M o d e :  ~o~ilmallds  a r c
cxl)i{,+s~{l  r~lilt}\C t;, :i fix<d l]sc- dcfir~cd frarl]c of ref-
Clcll(,. 1,!11(’ V> OII(I fldlll(’).
(iit ) Co r LCS7[111.  bf;ot id 1(( lotiv( CoTLtnil Mode: Motion
Col(llllal((ls  ale (,x~~l<+i>(,d lCliltiVC to coordinat,  c fr{Lmc
of !11(  I1811CI.

(iw ) 1 ~,licit }’OIC( (o~,tro~ hfodc: F’orce c o m m a n d s  a r c
[x])] (:++(1 I cl; ttiv( t(, t lie c 001  di~tatc  frame fixccl to the
]llaI]i],lllil tOI  lla]id.
(?1) II,l,li[:if lb~c< ((~07,[l,li([r,c/) ~oTLtTol Modrx ~om-

],liallcc  (o]ltto]l(l  ],il;ilj](t,els  are s~)ccificd  W]lich s(!t
t iI(! a],l):, Ic!IIt Stifi  II C’!.\ i:(,), of t Ilc h a n d .

‘J’111  \i,riol]s  IOIIIIII; IIId Il,odcs })rovidc  cc,nsidcral)lc
flcxil]ility  f o r  ol,clatirt(; tl, c lol)otic al-m.  q’hc control
111 O(\(. Ciill Il(! C)lilll[\((l o]l-liTlc I)y t,)lC  u s e r  at t,llC CIICI

‘)f (!:1(’11 lllot, icll~.
IJ:ita ]<,cor(icd (iulili~,  tl)c  ~llotion  is storccl and can

},c disi,l;iycd  III a  ~ illti(,w orl the o])crator intmfacc
IIlol{it(ll of tll( I’(; (t,lltJollcI.

!~.2  Gr:i])l~ic:~l  $il]llllation

I’ull Il]lt(-clilltcl(sioll;il  ~,,ra])lli(:ill  disl)lay  of tile I’ol)ot,

i+ all i~l(lis])(;rlsttl)l(  t  ()()1 f(~[  syste.tn  devclo])n~clit  and

(,l)[!]ilt)oll.  l)(,l,(lo],c.s  lj(:ll(:fit  f r o m  killema,  tic t,cstitlg
{111  ~ ~,l:!J,]liC:l! sil[llil;lt  ioIl l)y savirlg tilnc, r e s o u r c e s



l’i!;olc i ’ :  l’lot of : ],ositiol,  colitrol ex~)eri~nent.

Figure  G: (;ra~)llic  silllulaticm of the RRC  IJI:iIIi])IIla’{1:

atld ])otclitial darIIagc to tlLe r e a l  rol)ot ()])( !,! ’(},.

can accurately preview wlcl t,cst  n)ot,lo~l t,! ii ]c{ I ~,: it :>
‘J’}]c usc  of t.}lc Sl\~ as a  gra])liical ]Jloc!:L$c,r  III I(I(

tile cl]oicc  of t h e  gra]hic  ]md:agc  iltcic]]{.:ll(i<,lit  f (1111

the o]x!ratill~,  systeJll u s e d  i n  t h e  ccnltl  ollc].  S [1< f
]~~~lch  of J]’], 3-1) amilriatio~i  of the IU{(; ~ll:tlli]}[lli}l{)~:,
$avd Imcll clevclo])ed  llsill~; I} US-G1,  OIL Sili<oll (;]i l,]
ics cmnl])uters, lt, wtLs d e c i d e d  to devcl o]) {lit silr,lllil

t i o n  using t h e  cnlcrp,illg  gra~)llics  stalicla~  d (~~,f Tt -;)
conll)atil)lc Wiill lILIS-GIJ,  and to usc M’il[(loiv:  N I 3 ‘i;

as the OJ)eratillg  systcln of t}Le SIl~, sillr{ it sllll],  II I.
opcnc~l,.

Fir;urc 6 is a scrccI, clurn]j  of tlie gra],)tic:,] <i:]  1:,,,
and s h o w s  tllc s o l i d  m o d e l  of the al]ll, wilt]  I,i( d< I!
surfa,cc  rcnloval,  slladi~i~,  surface rcflecti\(, ]Jlo})(lli(  .,

ad user-dcf l l iccl  lightillg  Collditioxls.  ‘J’}1( uw] c;ill s,,
lcct thcorie]ltatioll  and distallcc  c) ftlicvicw],  (,i], t ,,l,fl
switc}] l)ctwec]l clrawi]lg  modes, hy usill[,,  ]lllll.  d)  IJ,II

nlenus, aIId l)y  Cli Ck-illirl-drag w i t h  t h e  lIIolls( (I\{7 III,

sinlulatlior[  display.

~’llcallilll:~tiollc  llrrclltlyrl ll~sat~)lf;  lill(,:ll[il
drivcli I)y tile tllC scv{!xl Valllcs  of t,llc nl~lli])[llilt(ll j,illl
allglcs, sent l~y t]lc Contro l le r  v ia  the }iS2’32 ( ~1]1 ~rl)
nication litlk.

III this Section, we prcsentl  tr}~e rcsulis of (x ,cii
Illclttjs ill l)osit ioIl colit,rol  o f  the dcxtc]ous lIIi~I 1}111
Iator, aiI1lcrl a.( clelll(,llst,ratilLgtllc  qualily of (ilc  I,(1
forfllallccacllicval)lc with aI’(;-ha.~ed ctl~ltloll(:.

I n  tllesc Cx])crilllent,s, the arnl i s  Oj)(]<,tt, i ill
~artCsia]l-w(lr]d COllt7’01  Ill Ode llSill~ t}lr  (’~(’][lj(];Ll 11.

l’i(,ur(ti: l’lot  of tl,( tlajcctoryo~] t}]e XY l)larlc.

jwlolj gcl,(riilol. ).11  (}XfLTlll)lC Of  111 Ot, iO1l is s}l Own
ill l’I~,(IIe 7. wII(.1(  t})e aI III Inovcd  200?n?IL”  in t h e
X  a’ld Y  dilrclic,l,$, and 1007  f177L i n  the 7, cfirec-

ti(~!l.  (1’IIc initial  ],()>itio]l  w:l.< (x =  --704  ..12n  L?n,y =
M) I. N(1711?IL,2  : - ~’~~3.3471/7)/),  tllc initial orimltatioll
wiif (7/all::  1’/!) .60”, })itfh : 0.84°, yaw =: – 139.130),
WI(I t]l( iliitiiil iil](i  ali~,l(,  was + == - - 0 . 2 3 ° .  q’he a r m
1(’ firll(, il tll C tCllllill  ii 1  ],osit,iolf  (z = --504 .0 S7n7n,  y =-
8(11 .s8?lL711,  2 : - 123.31  ?nm), with orientat ion

(701i: l’/{~.60’’.?,ilfl(=  0.85  C’, Y07N:= -13~.13°), anci
allll allp,lr ~ : -  (1. ?3”. ‘-1’lIe  lmojcctiou  of the trajcc-
t,o)y o], tll(XY  ]Ilar  Ic iss]low]l  ill  Fi~,urc8.  Then~axi-
1)111)11  (Iroris  (’OTll J)iilill)lCWit.}1  otllcrlnotiolls with the
allll Stiiltill[’,  at (Ii{i{l(llt  ]Josturm.

‘j]ll SCl(!S(l]t SiLI(’Sil[l; lal tot]lOSC() \)taillCdwitll thC

S;L~ll< Iliaf!i],u]ator (’oiit.lo]](td I)y a  VME SyStelll  []())
:LII(I tc+ 1~1{(~’s  o!~]i Ill:iIlllfact\lrilig  s})ccif[cat,  ionsl  t h u s
ill(lii:a{ill~, lIo Ij(:lf!)l l]l:illcc  (l(gradat,ioll clue to the use
of a I’(:-IHISC(}  [(llltl(lllel.
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